Ground-state cooling of a single atom at the center of an optical cavity 
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A single neutral atom is trapped in a three-dimensional optical lattice at the center of a high- 
finesse optical resonator. Using fluorescence imaging and a shiftable standing-wave trap, the atom 
is deterministically loaded into the maximum of the intracavity field where the atom-cavity coupling 
is strong. After 5 ms of Raman sideband cooling, the three-dimensional motional ground state is 
populated with probability (89 ± 2) %. Our system is the first to simultaneously achieve quantum 
control over all degrees of freedom of a single atom: its motion, its internal state and its coupling 
to light. 

PACS numbers: 37.10.Do, 37.10.Jk, 37.30.+i, 42.50.Dv, 42.50.Pq 



The study of the dynamics and the precise manipu- 
lation of physical systems at the quantum level requires 
full control over all relevant degrees of freedom. For this 
purpose, the system has to be initialized in a vifell-defined 
state and decoherence must be minimized by isolation 
from the environment. At the same time, strong and 
controllable couplings to other quantum systems are re- 
quired, especially in quantum technology applications. 

Single atoms have excellent coherence properties and 
their coupling and manipulation is possible with electro- 
magnetic radiation. For deterministic interactions be- 
tween atoms and photons, optical cavities have proven 
very successful. In combination with the precise con- 
trol of the internal atomic state, the storage of quantum 
states and their transfer between remote locations have 
been demonstrated [TH3]. Despite all these successes, po- 
sition and motion of a single atom in an optical cavity 
have so far escaped complete control and have therefore 
hampered the deterministic preparation of a quantum 
state that is perfectly defined in all degrees of freedom. 

A first step towards this goal was the integration of 
atom traps with optical cavities [H [S]. Long trapping 
times were enabled by different cooling mechanisms like 
Doppler and Sisyphus cooling fBHH] as well as cavity [HIS], 
feedback [IHIIII] and EIT cooling [T^]. In a seminal work, 
even Raman sideband cooling to the one-dimensional 
(ID) ground state along the cavity axis was achieved 
[T^ . Towards the goal of full control over all external 
degrees of freedom, however, two requirements are still 
missing: deterministic localization of the single atom at 
a maximum of the cavity field and cooling to the three- 
dimensional (3D) ground state. While the former is in- 
dispensable to reproducibly achieve constant coupling, 
the latter is the only way to achieve a constant Stark 
shift for atoms in an optical dipole trap and therefore a 
prerequisite for constant atomic transition frequencies. 

In this work, we trap single atoms in a 3D optical lat- 
tice with the resonator as one of the lattice axes (Fig.[T]) 
to achieve complete control over all quantum properties 
of our atom-cavity system. By shifting the standing- wave 
potential formed by one of the two other lattice beams 
[13], we deterministically localize the atom at the cen- 




FIG. 1. (color online). Sketch of the setup geometry. A 
single atom (black dot) is trapped at the center of an optical 
cavity [blue cones in (a), blue disk in (b)] in a 3D optical lat- 
tice that is formed by one red-detuned (along x) and two blue- 
detuned (along y and z), retrorefiected laser beams [arrows in 
(a), standing-wave structure in (b)]. One Raman beam im- 
pinges along the cavity axis (z) and two counterpropagating 
Raman beams impinge orthogonally from the side [area be- 
tween dashed green lines in (b)], forming an angle of 45° with 
respect to the ii and y axes. 

ter of the cavity mode. We use high intensities along all 
three lattice directions to obtain trap frequencies of a few 
hundred kHz, large compared to the single-photon recoil 
frequency of about 4 kHz. Therefore, the atom is tightly 
confined (spatial extent of the ground-state wave func- 
tion < 15 nm) to the Lamb-Dicke regime (Lamb-Dicke 
parameter < 0.1) along all three axes [H] such that a 
spontaneous emission event most likely does not change 
the motional state of the atom. This allows us to demon- 
strate Raman sideband cooling to the 3D ground state in 
a similar way as has been demonstrated in free space with 
ensembles of atoms [IBHTS] , single ions in radio- frequency 
traps [m Uni 120] , and very recently with single atoms in 
optical tweezers [3TJ [52] . 

The experiment starts with the preparation of a cloud 
of ®^Rb atoms in a magneto-optical trap (MOT). A 
running-wave dipole trap is then used to transfer the 
atoms to the optical resonator, where they are loaded 
into a standing- wave trap (along x) at 1064 nm [14]. We 
then apply counterpropagating cooling light perpendicu- 
lar to the cavity axis (z) and at 45° with respect to x and 
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y. The cooling light is 30 MHz red-detuned with respect 
to the F = 2 ^ F' = 3 transition of the D2 line and has 
orthogonal linear polarizations. This leads to intra-cavity 
Sisyphus cooling [7] of the atom in all three dimensions. 
We collect scattered light with a high numerical aperture 
objective and thereby image the atoms, which allows to 
determine their number and position |23L 1241 . This pro- 
cedure is repeated until a single atom is detected. In that 
case, the standing-wave pattern is shifted along the beam 
(x axis) such that the atom is transferred to the center 
of the cavity mode [T3] where the lattice beams tightly 
confine the atom in 3D. 

The two additional lattice beams have a wavelength of 
around 771 nm, blue-detuned from the Di and D2 line. 
Orthogonal polarization and a sufficient frequency dif- 
ference prevent any effect of cross interference on the 
atoms. One of the lattice beams impinges along the y 
axis through the high-NA objective. The other lattice 
beam drives a TEMqo mode of the cavity, detuned by 
an odd number of free spectral ranges from the atomic 
transition at 780 nm. Therefore, an antinode of the cav- 
ity mode coincides with a node of the standing-wave trap 
light at the center of the cavity, such that the atoms are 
trapped where the coupling to the resonator is strongest. 
The coupling strength at a potential minimum changes 
along the cavity axis due to the different wavelengths of 
the trapping and cavity field. At a distance of 16.2 jim 
from the cavity center, a node of the cavity field coincides 
with a node of the trap light, such that atoms trapped 
at this position hardly couple to the cavity. 

To demonstrate experimental control of the coupling 
strength, we load atoms at different positions by shifting 
the red-detuned dipole trap along the z axis with a piezo 
mirror. Using a a^- polarized laser beam, we optically 
pump the atom to the |F, mj?) = |2,2) state, where F 
denotes the hyperfine state and mp its projection along 
the quantization axis (z). In this state, the atom is cou- 
pled to the cavity which is resonant with the Stark-shifted 
|2, 2) O |3, 3) transition, which has the largest dipole ma- 
trix element. Subsequently, the transmission of a weak 
probe laser resonant with the empty cavity is measured. 
With our cavity parameters {go, k, 7) /2tt — (8, 3, 3) MHz, 
the presence of a single, coupled atom leads to a normal- 
mode splitting and thus reduces the transmission. Here, 
go denotes the theoretical atom-cavity coupling on the 
|2,2) o |3,3) transition for our cavity parameters (ra- 
dius of curvature: 5 cm; separation: 485 jim), k the cav- 
ity field decay rate and 7 the atomic polarization decay 
rate. The beating between the sinusoidal variation of 
the effective coupling strength g and the standing-wave 
trap along the cavity axis can be seen in Fig. [2] (black 
squares; Stark shift 50 MHz), where the transmission on 
resonance is shown as a function of the atomic position 
along the cavity (z) axis [251 US]- We observe a sinu- 
soidal modulation of the transmission. The deviation 
from the ideally expected oscillation with the same pe- 



100 




-30 -20 -10 10 20 30 
Atom position (|a,m) 



FIG. 2. (color online). Transmission through the cavity 
when the position of a single, coupled atom is scanned along 
the cavity (z) axis (black squares) and along the x axis (red 
points). The transmission is strongly suppressed when the 
atom is located at a maximum of the intracavity field. The 
solid Gaussian (red) and sine (black) fit curves are a guide for 
the eye. 



riod but steeper slopes is caused by a position-dependent 
optical pumping efficiency and temperature, which leads 
to averaging effects in coupling strength and Stark shift. 
A shift of the atom along x (red points in Fig.[2j Stark 
shift 100 MHz) and y gives a Gaussian dependence as ex- 
pected from the radial profile of the cavity mode. Due 
to the loading procedure, the initial distribution of the 
atoms in the lattice is determined by their initial temper- 
ature and the beam waist of the red-detuned dipole trap. 
We determine the width of this distribution from the flu- 
orescence images. This gives the error bars in Fig.[2j On 
the length scale of the positioning error, the transmission 
is nearly constant. We can thus deterministically local- 
ize a single atom at the maximum of the resonator field, 
where the atom-cavity coupling is strongest. 

The absolute strength of this coupling is determined by 
recording the normal-mode spectrum of the atom-cavity 
system [57]. For this purpose, we scan the frequency of a 
weak probe laser while keeping the frequency of the cav- 
ity fixed. To record the spectrum of the empty cavity, we 
first pump the atom to = 1 such that it is not coupled 
to the resonator. Thus, the transmission is a Lorentzian 
curve with a full width at half maximum of 5.5 MHz 
(Fig.jsj black). When the atom is prepared in the |2,2) 
state, we observe a normal-mode splitting (Fig.[3j red). 
The separation of the two peaks is twice the atom cavity 
coupling constant g. To determine this value, we fit the 
normal modes with a theory curve (solid red line) with 
g and the atomic detuning as the only free parameters. 
From this fit, we find g/27r = (6.7 ± 0.1) MHz, close to 
the theoretical value of go/^ir = 8MHz (red dashed line). 
This again proves that we are able to accurately localize 
the atom at the center of the cavity field and that the 
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FIG. 3. (color online). Normal- mode spectroscopy of the 
atom-cavity system with the atom trapped in the 3D optical 
lattice. The transmission of the cavity is a Lorentzian curve 
when the atom is not coupled (black data and black fit curve), 
while a resonant atom leads to a normal-mode splitting (red 
data and red solid fit curve). The slight asymmetry is caused 
by a small residual detuning between atom and cavity. The 
error bars are statistical. The dashed curve shows the spec- 
trum expected for (/o/Stt = 8 MHz, the value calculated from 
our cavity parameters. 



system is in the single-atom strong coupling regime of 
cavity QED. 

After demonstrating the good control achieved over 
the position of the atom, we now turn to its motion. In 
order to measure the temperature, we use Raman side- 
band spectroscopy. For an atom at low temperature, the 
sinusoidal lattice can be approximated by a harmonic 
potential, leading to a quantization of the atomic vibra- 
tional energy E{x,y,z} = ("-{x,y,z} + 5) hv{^,y,z} for each 
lattice axis [18]. Here, n{x,y,z} is an integer and ;^{x,y,z} 
denotes the trap frequency that depends on the inten- 
sity and wavelength of the lattice light along the {x, y, z} 
direction. We drive transitions between the different mo- 
tional states using Raman beams. One of the beams is 
polarized orthogonally to the cavity axis and impinges at 
an angle of 45° with the x and y axis (Fig. [I]). Another 
beam, polarized along the cavity axis, is counterpropa- 
gating to the first one and a third, also linearly polarized 
beam, is applied along the cavity axis. The latter two 
are detuned by the hyperfine splitting of 6.8 GHz from 
the first, while all of them are red-detuned by 0.3 THz 
from the Di line at 795 nm. Because of this large de- 
tuning, the Raman beams lead to an effective coupling 
of the two hyperfine ground states without populating 
the excited state. The linewidth of this coupling can 
be much smaller than the natural linewidth of the Di 
transition. Thus, the sidebands can be spectroscopically 
resolved and addressed individually when the intensity of 
the lasers is low enough and the duration of the Raman 
pulse is long enough. 



To obtain a sideband spectrum, the atom is optically 
pumped to the F = 1 hyperfine state. Subsequently, we 
apply the Raman lasers for 200 jis. In order to measure 
the population transfer to = 2, we perform cavity- 
based hyperfine state detection [211 HH] • We can thus de- 
termine within 30]rs whether the atomic population has 
been transferred to F = 2. The transfer probability after 
the previously described intra-cavity Sisyphus cooling as 
a function of the detuning between the Raman beams is 
shown in the red curve of Fig.[4]ja), where zero detuning 
means a frequency difference that corresponds to the hy- 
perfine transition frequency. The large peak at the center 
of the spectrum is the saturated carrier transition. At 
negative detunings, the red sidebands can be seen, corre- 
sponding to transitions that lower the vibrational state of 
the atom by one quantum. The three peaks at positive 
detunings correspond to the blue sideband for each of 
the three lattice axes: the red-detuned dipole trap along 
X at 0.5 MHz and the blue-detuned traps along y and 
z at 0.4 MHz and 0.3 MHz, respectively. The peaks can 
be identified unambiguously by successively changing the 
intensity of one of the lattice beams and then recording 
the sideband spectrum (not shown). The central side- 
band peak (y axis) is lower and broader than the other 
two in the depicted long-term measurement. On shorter 
timescales, we observe three peaks of the same height 
with fluctuating position of the central peak. This can 
be explained by a small drift in position or power of the 
lattice beam that forms the standing wave along the y 
axis. The probability of a change in the vibrational state 
by -f 1 (Pbiuc) or by —1 (Prcd) and thus the height of the 
peaks in the spectrum is determined by the projection 
of the k-vector difference of the involved Raman beams 
onto the trap axis and by the population of the different 
vibrational states n along the respective axis. The ratio 
between the red and blue sideband peaks gives an upper 
bound for the mean vibrational state n [T31 [TSl [THHH] : 



-^bluc Prcd 

Applying this equation to a fit of the green curve in 
Fig.ga) gives n{x,y,,} - {0.19(5), 0.4(1), 1.0(2)}. This 
demonstrates that the intra-cavity Sisyphus cooling we 
use already leads to temperatures well below the Doppler 
limit [7j (nD ~ 6 — 10 for our trap frequencies). 

To further reduce the atomic temperature, we use 
pulsed Raman sideband cooling. For this purpose, we 
prepare the atom in F = 1 and apply the Raman beams 
for 5 ms with frequency components that drive transitions 
on all three red sidebands. During this interval, a sa 10 ns 
long repump pulse is applied on the F — 2 ^ F' = 1 
transition every 200 ns in order to bring any transferred 
population back to F = 1 where the cooling cycle can 
start again. To determine the effect of the sideband cool- 
ing, we perform the following measurement cycle: We 
apply a 4.4 ms long interval of intra-cavity Sisyphus cool- 
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ing on the closed transition. We then record the trans- 
fer probabihty at a certain Raman detuning, apply side- 
band cooling and again measure the transfer probabil- 
ity at the same detuning. We repeat this measurement 
sequence at different frequencies to record a spectrum 
immediately before [green in Fig.ga)] and after (black) 
sideband cooling. The red sidebands vanish almost com- 
pletely, which indicates that the atom is cooled close 
to the ground state. To determine the mean occupa- 
tion number n, we fit a Lorentzian to the carrier [blue 
dashed line in Fig.Qa)] and subtract it from the data 
[Fig.gb)]. We fit the sum of three Lorentzian curves to 
the blue sidebands (blue curve) to determine the width 
and frequency of the three peaks as well as their re- 
spective amplitudes. Using the same frequencies and 
widths for the red sidebands, we determine their am- 
plitude, again from a least-squares fit to the data (red 
curve) which gives n{x,y,z} = {0.04(1), 0.02(1), 0.06(1)}. 
Assuming a thermal distribution, this means that the 
atom is cooled to the ID ground state with a probability 
of {0.96(1), 0.98(1), 0.95(1)} and to the 3D ground state 
with a probability of (89 ± 2) %. 

In summary, we localize a single neutral atom in a 3D 
optical lattice at the center of the field of an optical cav- 
ity and cool it to the ground state of the potential. We 
thus achieve constant, strong coupling in a high-finesse 
resonator that — in contrast to all previous experiments 
in the strong coupling regime [Ml [2^ — has a very 

high outcoupling efficiency of about 92 %. This is an im- 
portant step in the development of a deterministic atom- 
photon quantum interface that facilitates two-qubit gates 
[5DH5i] . The presented control speeds up cavity-based 
hyperfine state detection [2H] and will dramatically 
improve the success probability and fidelity of previous 
quantum networking experiments with single atoms fB- 
[3]. Our experiment is the first where the internal, radia- 
tive and motional properties of a single atom are under 
full experimental control. This opens up intriguing pos- 
sibilities for cavity-optomechanics with single atoms. 
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FIG. 4. (color online), (a) Sideband spectrum after intra- 
cavity Sisyphus (green) and after sideband cooling (black). 
The statistical standard error of the data points is given by 
the thickness of the lines. The three peaks at positive detun- 
ings correspond to a transition on the blue sideband for each 
axis of the 3D lattice potential (right to left: x, y, z axis). 
The carrier peak at the center (blue dashed Lorentzian fit 
curve) is saturated. Transitions on the red sideband (negative 
detunings) are still observed after Sisyphus cooling (green) 
but nearly vanish after 5 ms of sideband cooling (black), (b) 
Transfer probability on the red (red data) and blue (blue data) 
sideband after Raman sideband cooling. The solid curves are 
numerical fits of the sum of three Lorentzian curves, with 
the shaded areas indicating the 66 % confidence interval. The 
atomic temperature after sideband cooling is determined from 
these fits. 
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